where M and N are the truncated harmonic numbers of Fourier series, K x = 2π/Λ x and K y =2π/Λ y . β p is the eigenvalue of the coefficient matrix of the linear ordinary differential equations derived from the RCWA, and corresponds to the propagation constant of the waveguide modes. w m,n,p is the element of the corresponding eigenvector. z is the local z-coordinate in each z-invariant layer, and d is the thickness of the layer. c p + and c p − are the coefficients of the forward-propagating and backward-propagating waveguide modes, and are determined with the continuity boundary condition of tangential electromagnetic field at interfaces between adjacent z-invariant layers. By changing the summation order of Eqs. (S1) and (S2), the field in each z-invariant layer is then expressed in terms of waveguide modes,
, , ,
where Eqs. (S4) and (S5) give the expression of forward-propagating and backward-propagating waveguide modes.
For the dipole antenna shown in Fig. 1(a) , the whole space is divided into six z-invariant layers, the two semi-infinite air layers on the left and right sides, the two arms of the dipole antenna, and the two air layers in the gap separated by the source. These z-invariant layers are separated by five transversal interfaces. The source is treated as a discontinuity of tangential components of electromagnetic field at the interface between the two air layers in the gap. A stable scattering-matrix propagation algorithm 5 is adopted for matching the boundary condition to determine the waveguide mode coefficients c p + and c p − in Eqs. (S2) or (S3).
To obtain the quantities in the SPP model, the SPP mode is the fundamental waveguide mode in either z-invariant antenna-arm layer, which corresponds to a specific term in Eq. (S3) (with propagation constant β p =k 0 n eff ). The field distribution of the SPP mode in the transversal x-and y-directions can be calculated with Eq. (S4) by setting z=0 [see the results in Fig. (1b) ]. The SPP reflection and transmission coefficients ρ and τ illustrated in Fig. 1(d) can be obtained from the corresponding coefficients c p + and c p − of the SPPs reflected and transmitted on the left and right semi-infinite antenna arms. The SPP reflection coefficient r [ Fig. 1(e) ] and excitation coefficient β [ Fig. 1(c) ] can be obtained similarly. All the scattering coefficients β, ρ, τ and r are obtained with rigorous numerical calculations and do not depend on the length of antenna arms. For the calculation of the SPP field and the residual field shown in Fig. 6 , the SPP field on the two antenna arms is obtained from the SPP terms in Eq. (S3). The residual field is then obtained by removing the SPP terms on the right side of Eq. (S3). Thus the SPP field shown in Fig.  6 is obtained with fully-vectorial a-FMM instead of the SPP model, which contains two contributions: the first contribution predicted by the SPP model and the second contribution excited by the residual field on the antenna arms. So if the residual field is weak (for instance, for dipole antennas with long arms that support higher-order resonances), the SPP field obtained with the a-FMM should be approximately equal to that obtained with the SPP model [i.e. for Eqs. (5), (6) and (12), the SPP coefficients c + ≈a and c  ≈b]. This is confirmed by the results in Fig. S1 , which show that c + ≈a and c  ≈b at higher-order resonances (m≥1) and deviation appears at resonance m=0.
